The occurrence of sepsis in the critically ill population is a dreaded phenomenon when taking into consideration the devastating complications associated with the disease. Despite its high incidence and unacceptably high mortality, this complex syndrome remains poorly understood in terms of defining the disease, detecting the presence or absence of an infection, and therapeutic strategies to optimise immediate and long-term outcomes. Global efforts to address these issues coupled with significant advances in medical technologies and our improved understanding of the pathophysiology of the disease have led to some exciting developments in the domain of adjunctive therapies for sepsis. In particular, interest has focused around immunomodulation strategies and metabolic resuscitation. Some of these therapies sound particularly promising in terms of the early available evidence. The concept of personalised or individualised medicine takes centre stage when considering such therapies, as it is becoming increasingly evident that in order to achieve benefits, we need to introduce appropriate therapies at the right time, the right dose and for an appropriate duration. This review encapsulates a selection of these new adjunctive therapies. The global landscape of sepsis reveals its incidence to be rising and that the associated mortality remains unacceptably high in the critically ill population. [1] [2] [3] This is despite significant advances in our understanding of the pathophysiology of the disease as well as improvements in technology, microbiology, molecular biology and therapeutic strategies, which have significantly enhanced our overall medical care. Worldwide, sepsis is perceived as a major burden and universal efforts are being directed towards its prevention, further elucidating its pathophysiology, refining its definition, improving our ability to diagnose the disease and seeking therapeutic strategies that would further reduce the current mortality rates and improve post survival quality of life.
The global landscape of sepsis reveals its incidence to be rising and that the associated mortality remains unacceptably high in the critically ill population. [1] [2] [3] This is despite significant advances in our understanding of the pathophysiology of the disease as well as improvements in technology, microbiology, molecular biology and therapeutic strategies, which have significantly enhanced our overall medical care. Worldwide, sepsis is perceived as a major burden and universal efforts are being directed towards its prevention, further elucidating its pathophysiology, refining its definition, improving our ability to diagnose the disease and seeking therapeutic strategies that would further reduce the current mortality rates and improve post survival quality of life. [4] A dramatic improvement in our understanding of the pathophysiology of the disease in the last two decades, together with our increasing appreciation of the importance of individualised or personalised therapy in the critically ill patient, has been key in considering a number of novel therapeutic strategies in patients presenting with sepsis or septic shock. These treatment modalities are purported to modulate or interrupt the host's physiological response to sepsis. The present review explores the rationale and the current evidence for a selection of such therapies.
Pathophysiology of sepsis
Sepsis is defined as the occurrence of a life-threatening organ dysfunction due to a dysregulated host response to an infection. [5] Septic shock necessitates the additional presence of hyperlactaemia (>2mmol/L) and the need for vasopressors to maintain a mean arterial pressure (MAP) of 65 mmHg despite adequate volume resuscitation.
The pathophysiology of sepsis involves an intricate interplay of immune dysfunction, as well as endothelial dysfunction, alterations in the gut microbiome and an activated coagulation system. In the last few decades, the incidence of sepsis attributed to Gram-negative bacteria has overtaken that of Gram positive bacteria, and Gram-negative organisms now comprise the most common causative pathogens of septic shock among adults in the intensive care unit. Components of lipoteichoic acid (Grampositive bacteria), lipopolysaccharide (Gram-negative bacteria), fungal antigen or viral particles are recognised by the innate immune system as pathogen associated molecular patterns (PAMPs) by the human host's pathogen recognition receptors (PRRs) which include the tolllike receptors. [6] [7] [8] The PAMP-PRR complex triggers a cascade of events characterised by a local chemokine response at the site of sepsis as well as a systemic hyperinflammatory reaction which is largely driven by cytokine release and characterised by endothelial dysfunction, hypercoagulation and uncontrolled fibrinolysis. The severity and magnitude of each of these responses is largely dependent on the virulence of the pathogen as well as host factors, which include comorbidities, site of infection, time to initiation of source control, physiological reserve, nutritional status, age and possibly genetic predisposition to sepsis.
The cytokine response of the innate system is initially proinflammatory (interleukin-1 (IL-1), tumour necrosis factor (TNF) α, IL-6, IL-8, interferon-γ, migration inhibitory factor (MIF)) and then followed on by an anti-inflammatory comeback (IL-10, IL-4, IL-13, transforming growth factor-β). Pro-inflammatory cytokines induce a cytokine storm and this is instrumental in provoking endothelial cell dysregulation, thereby increasing its permeability, which results in extravasation of large molecules and fluid into the interstitium. [9, 10] Nitric oxide released from the endothelium has a vasodilatory effect on the macro-circulation, which further perpetuates hypotension, hypoperfusion and reduced oxygen delivery. [11] Cytokines also stimulate the endothelial cells to acquire a prothrombotic tendency, which results in the formation of microthrombi. This leads to hypoperfusion in the microcirculation which drives cellular hypoxia as well as mitochondrial dysfunction culminating in multiorgan dysfunction syndrome (MODS) and ultimately death if left unabated. [12, 13] Cytokine-mediated attachment ARTICLE of neutrophils to the endothelium also contributes to occlusions within the microcirculation further, perpetuating hypoperfusion and compromised cellular oxygen delivery, further exacerbating endothelial and organ dysfunction. [14] As such, an excessive pro-inflammatory cytokine storm is associated with the development of MODS and a high mortality. [15] The anti-inflammatory response attempts to attenuate this process by reducing the actual number as well as diminishing the functional ability of the circulatory lymphocytes and monocytes. Thus, the host is predisposed to immunoparesis, and the increase in mortality in this scenario is largely attributed to the occurrence of secondary nosocomial infections. [16] To ascertain precisely which phase of the cytokine response is predominating (pro-inflammatory or anti-inflammatory) is not easy, as cytokines exhibit extensive variability and also have very short half-lives. [17] In extreme situations, the patient's history and clinical scenario may shed light as to which phase is predominant -if the host exhibits a florid MODS or alternatively features of extreme immunosuppression.
While neutrophils play a pivotal role in controlling local inflammation and bacterial clearance, the reactive oxygen species (ROS) produced by them are also believed to drive endothelial and mitochondrial dysfunction typical of sepsis. [18] Additional immune alterations include monocyte and macrophage dysfunction. Immunosuppression follows shortly after the onset of inflammation and is postulated to be mediated by PD-1 (programmed cell death-1), which is expressed on activated T cells, natural killer cells as well as B cells. It is the exhaustion of T cells which results in immunosuppression. [19, 20] In terms of the adaptive immune response, there is a relative lymphocytopenia and an increase in the proportion of T helper type 2 cells, which also predisposes to immunosuppression. [21] Thrombin formation, apart from being driven by cytokine stimulated endothelial disruption, also occurs due to the depletion of natural anticoagulants (protein C, protein S, antithrombin and thrombomodulin), which further exacerbates the hypercoagulable state. The severity of the hypercoagulable state is predominantly dependent on the magnitude of cytokine production as they drive this process. [22] Mortality in sepsis is largely dependent on the number as well as the duration of organ dysfunctions or the development of immunoparesis which renders the host vulnerable to subsequent infections. Additionally, imbalances in the metabolic, endocrine, coagulation cascade and gut microbiome are also implicated in driving this deadly disease.
In the critically ill patient, there are profound changes that occur in the microbial ecology of the gut (type, volume and virulence of bacteria) and it is suggested that strategies to prevent the proliferation of virulent pathogens may have an impact on outcomes. [23] As such, novel therapeutic strategies are positioning around immunomodulation, restoration of the redox imbalance, metabolic resuscitation and manipulating the gut microbiome, among others.
Role of adjunctive therapies
The current standard of care includes the rapid administration of appropriate antibiotics and early source control coupled with strategies to ensure haemodynamic stabilisation, organ support and the optimisation of oxygen delivery to prevent cellular hypoxia. Taking into account the multifactorial pathophysiology of the disease, several adjunctive therapies have been suggested in an attempt to interrupt, or at least modulate, certain pathways known to contribute to organ failure.
Immunomodulation
Immunomodulatory strategies include inhibiting the host's innate immunity, cytokine inactivation, immune-inhibition (during a predominantly pro-inflammatory phase), immune-stimulation (during a predominantly anti-inflammatory phase) and the administration of pharmacological agents for their anti-inflammatory properties. Several trials pertaining to many of these therapies have yielded disappointing results, and the lack of their efficacy is attributed partially to the concept that such therapies would only work if offered when a window of opportunity arises during specific phases of the immune response, and thus, the blanket implementation of these therapies to all patients with sepsis is unlikely to demonstrate a universal survival benefit. [24] [25] [26] [27] The partial removal of cytokines by extracorporeal techniques on the other hand appears to offer benefits in appropriately selected patients. [28] [29] [30] 
Extracorporeal removal of cytokines
The rationale for this therapy is to reduce the magnitude of the cytokine storm and therefore limit the cytokine mediated endothelial dysfunction, hypercoagulation and mitochondrial failure which drives tissue hypoxia and MODS. A number of modalities have been utilised to achieve this. Plasma or whole blood exchange, coupled plasma filtration and high volume haemofiltration have not demonstrated tangible benefits in sepsis. [31] [32] [33] [34] The use of haemoadsorption therapies seems attractive and appears to hold promise. This strategy is based on the concept of clearing a proportion of the harmful cytokines and inflammatory mediators by circulating the patient's blood past a highly absorptive membrane or through a sorbent containing cartridge, thereby attenuating the proinflammatory sequelae. Devices may be used as stand-alone (pumpdriven), or incorporated into extracorporeal circuits, such as those used for haemofiltration or ECMO. Devices include among others the Polymyxin B-binding fibre column (PMBFC), which removes cytokines and endotoxins, and CytoSorb (CytoSorbents GmbH, Germany). The use of the PMBFC device in patients with intraabdominal sepsis initially demonstrated a significant reduction in mortality but a subsequent meta-analysis of 6 available trials has not confirmed this finding. [35, 36] CytoSorb removes middle-sized molecules by means of a haemoadsorption cartridge made of a suspended column of divinylbenzene beads, which are 300 -600 µm in diameter (each bead is slightly larger than a grain of salt) and highly porous. [37] The spaces between these beads allow molecules the size of 10 000 to 50 000 Daltons (Da) -the molecular size of the majority of cytokines -to be adsorbed via hydrophobic interactions. Adsorption occurs in a concentration-dependent manner and, as such, cytokines are never altogether depleted from the patient. Albumin (70 000 Da) adsorption is spared. The adsorptive surface area of the cartridge exceeds 40 000 m 2 and this is probably the reason why the device demonstrates promise unlike the other available blood purification techniques in sepsis. The device may be utilised for up to 24 hours in a patient, and usually patients require 1 to 3 such cycles of therapy to be administered. Utilisation of this device has demonstrated reductions in the amount of vasopressor use, shock reversal and an observed mortality rate that is less than that predicted by conventional outcome prediction tools. [37] [38] [39] These data emanate from observational studies and case reports. Typically, patients presenting early (within 24 hours of onset of septic shock) with vasopressor non-responsiveness and organ dysfunction are deemed as potential candidates for this therapy. The device has been used in more than 40 000 treatments without any evidence of serious or major adverse events. There are currently numerous prospective trials being conducted and there has also been the establishment of a global registry to clearly define its role, particularly in sepsis and other hyperinflammatory conditions.
[40]
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Low-dose glucocorticosteroids
The rationale for corticosteroid therapy is based on its ability to attenuate inflammation and improve cardiovascular function. [41] The improved cardiovascular function is attributed to an augmentation in the systemic vascular resistance as well as a mineralocorticoid driven improvement in the volume of the intravascular compartment. It is a domain that courts debate and has been shrouded with many uncertainties as the precise dose, mode of administration and duration remain to be clearly elucidated. Two recent large trials evaluated the role of corticosteroids in septic shock and they demonstrated contradictory conclusions pertaining to mortality outcomes. [41, 42] The multicentre placebo controlled APROCCHSS (Activated Protein C and Corticosteroids for Human Septic Shock) trial randomised 1 241 patients with septic shock to receive corticosteroids (50 mg hydrocortisone bolus every 6 hours intravenously, 50 µg fludrocortisone enterally daily) and/or activated drotrecogin alpha together with their respective placebos. The 90-day mortality was significantly lower (43% v. 49.1%; p=0.03) in the corticosteroid group compared with the placebo group. The ADRENAL (ADjunctive coRticosteroid trEatment iN criticAlly ilL Patients With Septic Shock) trial randomised 3 568 patients with septic shock to receive 200 mg hydrocortisone daily as a continuous intravenous infusion or a placebo. The 90-day mortality was similar (27.8% v. 28.8%; p=0.5) in both arms of the study. [42] Interestingly, both trials demonstrated that in terms of secondary outcomes, the administration of corticosteroids was associated with earlier resolution of shock (more vasopressor-free days) and earlier cessation of mechanical ventilation compared with placebo. The mortality benefit in the APROCCHSS trial may be attributed to a number of reasons, including the following: corticosteroids were administered early (within 24 hours of onset septic shock); the corticosteroids were administered as bolus therapy (there was no loading dose in the ADRENAL trial and this would affect the time taken to achieve adequate therapeutic levels); and the patients appeared to be more sick (higher severity of illness scores and higher doses of vasopressors in the APROCCHSS trial compared with the ADRENAL trial). The role of fludrocortisone in septic shock remains to be elucidated as the dose prescribed in the APROCCHSS trial was small and further hydrocortisone also exhibits mineralocorticoid effects. Current evidence thus suggests that the administration of low-dose corticosteroids is associated with a higher proportion of shock reversal and a mortality reduction. [41, 43] Although its administration is associated with hypernatraemia and hyperglycaemia, current evidence suggests that it may be prudent to consider corticosteroid administration in patients with septic shock who are unable to achieve adequate perfusion pressures despite appropriate fluid therapy and vasopressor administration. In such instances the early use of 50 mg hydrocortisone 6-hourly for between 3 and 7 days, or until the need for vasopressors dissipates, would be regarded as reasonable.
Intravenous immunoglobulins
The rationale for polyclonal intravenous immunoglobulins is that their administration would neutralise endotoxins and spare the consumption of the host's own antibodies. Analysis of 5 trials with low risk of bias demonstrated no mortality benefit in a recent Cochrane review. [44] Current evidence does not support their routine use in septic shock. [44, 45] 
Metabolic resuscitation
The mitochondrial dysfunction that accompanies sepsis occurs early and is largely driven by the ensuing cytokine storm, which propagates cellular hypoxia. Initially, the mitochondria are believed to go into hibernation as a protective measure during times of high cellular stress. It is during this so-called 'hypermetabolic state' that the body's main powerhouse conserves energy, only partaking in those functions absolutely vital for the survival of the cell. This mitochondrial dysfunction is instrumental in perpetuating MODS. [46] Untreated or inadequately treated sepsis ultimately culminates with irreversible mitochondrial dysfunction and eventually, if the disease is not abated, MODS and death ensues. Metabolic resuscitation alludes to attempts at recruiting the functions of the hibernating mitochondria.
Recruiting mitochondrial efficiency is also believed to impact positively on the body's redox balance and on its immunity. [12] Strategies suggested include the use of micronutrients and pharmacological agents.
Thiamine
Thiamine is an essential cofactor for pyruvate to enter the Krebs cycle and ultimately generate ATP. Thiamine deficiency diverts pyruvate to the conversion of lactate. [46] In one study, thiamine deficiency was identified in 35% (n=79) of patients with septic shock. [47] Thiamine supplementation versus the use of a placebo in this subset of patients has been shown to reduce hyperlactaemia and lead to a survival difference in relation to time to death. While further data are awaited, it would be prudent to consider thiamine supplementation in patients with sepsis who have poor nutritional intake, a history of ethanol abuse, are elderly, have hyperemesis gravidarum re-feeding syndrome, or are receiving renal replacement therapy. [46] One should also consider thiamine deficiency in patients who manifest with unexplained lactic acidosis. [48] Vitamin C, vitamin E, selenium and zinc Vitamin C administration is purported to confer mitochondrial protection through its antioxidant effect. [46] It is also believed to improve microcirculatory flow, as well as restore endothelial integrity, and similar protection is suggested with vitamin E, zinc and selenium. [49] [50] [51] [52] Selenium and zinc contribute to the scavenging of free radicals and should thus reduce oxidative damage to cells and tissues. They should be provided as per the daily recommended allowances.
A recent single-centre retrospective study compared an intravenous regimen of high-dose vitamin C (1.5g q6hr), thiamine (200 mg q12hr) and hydrocortisone (50 mg q6hr) with a control group that did not receive thiamine or vitamin C. [53] There were 47 patients in each group. Vitamin C and thiamine were administered for 4 days and the hydrocortisone for 7 days, unless the patient was discharged before these timeframes. The cohort that received this regimen exhibited less organ dysfunction and a significantly reduced mortality. While the suggested regimen would be relatively easy to implement, the routine use of this regimen is not recommended taking into account that this was a small retrospective single-centre study, it lacks internal validity, the long-term consequences of high-dose vitamin C are unknown, it is unclear which component(s) of the regimen was instrumental in achieving an improved mortality benefit, and the findings still need to be externally validated. While the results are promising, they should not change current practice until there is definitive evidence to support the administration of high doses of vitamin C.
Pharmacological agents
Pharmacological agents such as coenzyme Q10, melatonin, glutamine and L-carnitine are currently being explored for their role in metabolic resuscitation. Melatonin in particular has been shown to reduce oxidative stress and improve mitochondrial function in sepsis. [54] Further evidence ARTICLE is required prior to making any firm recommendations regarding the use of high-dose micronutrients for metabolic resuscitation.
The microbiome
The gut is a highly immunologically active component of the human body and is involved in perpetuating the systemic inflammatory response. In critically ill patients, the microbiological milieu changes drastically in the gut, such that the actual number of organisms and their virulence is altered. This is largely attributed to gut hypoperfusion and may be further influenced by the use of proton pump inhibitors, the administration of broad spectrum antibiotics, vasopressors or selective decontamination of the digestive tract. [55, 56] During critical illness there is a shift that favours the growth of Proteobacteria (such as Pseudomonas aeruginosa and Escherichia coli) and certain bacteria of the Firmicutes phylum (Staphylococcus aureus and Enterococcus spp.). [57] [58] [59] There is a loss of microbial diversity together with a wide range of existing gut microbes being replaced by more virulent microbes, which have a predilection for specific areas of the gut. This dysbiosis, which is the disruption in the normal dynamics of the microbiome, results in harmful host outcomes. [60] As such strategies to map the gut microbiome with the view of manipulating the microorganism landscape has become an area of intensive research and interest. Interventions such as faecal transplantation are being explored as a strategy to restore gut health and function.
Decatecholaminisation
Sepsis is characterised by autonomic dysfunction attributed to excessive adrenergic stimulation. [61] While this response may be beneficial in the early stages of the disease, the sustained adrenergic stress drives cytokine production and myocardial depression, and induces a state of catabolism contributing to the propagation of organ dysfunction. [62] Hence, the concept of decatecholaminisation is proposed as a means to reduce the amount of circulating noradrenaline and adrenaline by attenuating the sympathetic drive with the expectation of improving haemodynamics, cellular metabolism and modulation of the immune system by limiting cytokine production. [63] Consequently, esmolol (cardio-selective beta-1 adrenergic blocker) and dexmedetomidine (alpha-2 adrenoreceptor agonist) are being investigated for their anti-adrenegic properties. [64] [65] [66] Dexmedetomidine also appears to be attractive owing to its anti-inflammatory properties and its organ protective effects. [67] Beta-blocker therapy has sympatholytic properties and is associated with a reduction in the patient's heart rate without significantly dropping the mean arterial pressure. This therapy improves diastolic filling, which increases stroke volume and enhances coronary perfusion. [64, 65, 68, 69] Betablockers have also been shown to reduce catabolism by reducing energy expenditure, gluconeogenesis, hyperglycaemia and proteolysis' thus dampening the hypermetabolic response. [70] It has been suggested that cell apoptosis and the release of pro-inflammatory mediators may be induced by beta-1 stimulation whereas down-regulation of the innate immune system and prolongation of cell life may be associated with Beta-2 stimulation. [71, 72] Beta-blockers may thus be of use to modulate the immune system by possibly up-regulating pro-inflammatory cytokines and down-regulating anti-inflammatory cytokines as well as reducing platelet aggregation and adhesion, thereby attenuating sepsis-induced coagulopathy. [73] [74] [75] Beta-blocker therapy has been shown to reduce the incidence of arrhythmias, improve myocardial functioning and maybe reduce endotheliopathy by attenuating the catecholamine surge. The few available clinical studies have initiated beta-blocker therapy well after 24 hours from ICU admission. The optimal timing for initiation of this therapy as well as its duration still remains unclear and thereforeh no recommendations can be made at this stage.
Heparin
Heparin administration has been advocated in view of its immunomodulating and antithrombotic effects. While a retrospective study demonstrated a mortality benefit in septic shock, the more recent randomised placebo controlled HETRASE trial which explored the administration of 500 U of heparin/hour in a cohort of 319 patients did not find any outcome benefit with such a strategy. [76, 77] Currently, ongoing trials are evaluating the role of differing dosing regimens of heparin in this population. Additionally, the utility of antithrombin and thrombomodulin is also being investigated.
Miscellaneous
Levosimendan, a calcium-sensitising inotrope, is thought to have anti-inflammatory properties which has been postulated to attenuate sepsis-associated cardiac dysfunction; however, the recent LeoPARDS trial does not support its use in sepsis. [78, 79] Therapies that have failed to show any benefit include statins, naloxone, pentoxyfylline, nitric oxide inhibitors and toll-like receptor antagonists.
Conclusion
The devastating impact of sepsis on individual patients and society at large has fuelled extensive research around this ill-understood disease. In terms of the new adjunctive therapies that are coming to the fore, the concepts of metabolic resuscitation, decatecholaminisation with betablockers and attenuating the pro-inflammatory cytokine storm with haemoadsorption are particularly attractive.
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